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Outline

PHENIX has published recently three papers which will be the focus of this talk

• Heavy flavor decay electron spectra and anisotropy in 62.4 GeV collisions

– arxiv:1405.3301

• Precise bottom cross section measurement via e+e− pairs

– arxiv:1405.4004

• Heavy-flavor electron-muon correlations in p+p and d+Au collisions

– Phys. Rev. C 89, 034915 (2014)
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Heavy flavor decay electron spectra and
anisotropy in 62.4 GeV collisions



Charm quarks in 200 GeV Au+AuOne method to organize results

Sep 27, 2013cogilvie@iastate.edu12

Phys. Rev. Lett. 109, 242301 (2012) , Matt Durham

Common suppression pattern when normalized by square of RdA
Does this take into account impact of initial state increase of <kT>?  

The story from 200 GeV Au+Au collisions : heavy quark suppression is similar
to that of light quarks in the medium
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Charm quarks in 62 GeV Au+Au
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Maybe not the same story in 62 GeV. But p+ p comes from ISR. We need
more p+ p data at 62 GeV!

arxiv:1405.3301
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Charm quarks in 62 GeV Au+Au

arxiv:1405.3301

Surprisingly, charm mesons still
show a positive v2 at 62 GeV even
though it is not supressed

Is charm actually flowing, or is this
v2 just from recombination with a
light quark?

More data will be needed to sort un-
derstand charm flow at 62 GeV
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Charm quarks in 62 GeV Au+Au
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FIG. 20: (color online)
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FIG. 21: (Color online) Candidate, photonic, and heavy flavor
electron v2 in Au + Au collisions at

√
sNN = 62.4 GeV for

centrality 20-40% events.
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FIG. 39: (Color online) RAuAu in 0–10% centrality class com-
pared with energy loss models. The thick dashed curve is the
BDMPS [71] calculation for electrons from D and B decays.
The bands are DGLV [72] calculations for electrons from D
and B decays. The lower band contains collisional energy loss
as well as radiative energy loss. The thin dashed curves are
DGLV calculations for electrons from D decays only.
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FIG. 40: (Color online) Comparison of Langevin-based mod-
els from [74–76] to the heavy flavor electron RAuAu for 0–10%
centrality and v2 for minimum-bias collisions.

charm and beauty hadrons in p+p and Au+Au collisions.
As it has been observed for the light hadrons [79], one
could expect a modification of the charm hadron chem-
ical composition in the most central Au+Au collisions.
In particular, an enhancement of the Λc production has
been predicted [80]. A Λc enhancement leads naturally
to a nonphotonic electron RAA smaller than one due to
a smaller semileptonic decay branching ratio of charm
baryons compared to charm mesons and also due to a
softer spectrum of the electrons from the charm baryon
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FIG. 41: (Color online) RAuAu in 0–10% centrality class com-
pared with a collisional dissociation model [78] (band) in
Au+Au collisions.

decay. A RAA of about 0.65 for electrons from charm
hadron decay is predicted when a charm baryon to charm
meson ratio in central Au+Au collisions close to one is
assumed [81].

Gossiaux and Aichelin [82–84] calculated the RAA from
collisional energy loss in pQCD using a running coupling
constant and replacing the Debye mass with a hard ther-
mal loop calculation. The model finds a value close to
the experimental RAA for all centralities, while leaving
room for a possible radiative contribution as well. Fig-
ure 42 shows the RAA as a function of pT and centrality
from this model.

Kharzeev has predicted a universal bound on the en-
ergy of a parton escaping strongly coupled matter [85] in
N = 4 SUSY Yang-Mills theory, under some assumptions
about the evolution of gauge fields in heavy-ion collisions.
In the model, the RAA at high pT is given by a constant
times Npart/Ncoll with the constant universal for all par-
ticle species.

B. Theory comparison (v2)

The azimuthal anisotropy of heavy quarks gives infor-
mation about the density of the colliding system. The
collectivity of heavy quarks during the early stage of the
collision is expected to be developed via the strong in-
teraction inside the quark gluon plasma, which will be
seen in the relatively low pT region. On the other hand,
the suppression and/or modification of the high pT yield,
which is caused by the interaction of the heavy quarks
with the overlapped almond shape geometry and path
length of the heavy quark inside the plasma, could also
create an azimuthal anisotropy at higher pT . Therefore,
when considering the pT dependence of the anisotropy
parameter v2, it is important to understand these dif-
ferent effects as well as the relative fraction of bottom
quarks compared to charm quarks. Several model pre-
dictions are compared to the experimental data in this

arxiv:1405.3301

Model from Vitev including energy
loss and collisional dissociation which
describes the 200 GeV suppression also
predicts suppression for 62 GeV

"cold" nuclear matter effects are very
important!

data at 62 GeV with silicon vertex
detectors could shed much light on what
is happening with charm quarks as a
function of beam energy
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Bottom measurement in d+Au via
di-electrons



Separating cc̄ from bb̄ through e+e− correlations
9
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FIG. 3: Inclusive e+e− pair yield from minimum bias d + Au collisions as a function of mass. The data are compared to our
model of expected sources. The inset shows in detail the mass range up to 4.5 GeV/c2. In the lower panel, the ratio of data
to expected sources is shown with systematic uncertainties.

It remains a minor contribution to the dielectron pair629

spectrum below 10 GeV/c2.630

The double differential contribution from semi-leptonic631

decays of heavy flavor are simulated using two different632

p + p event generators, pythia [39] and mc@nlo [40].633

The cross sections for σcc̄ and σbb̄ used in the cocktail634

and shown in the Fig. 3 are the ones extracted from this635

work, as discussed below.636

The pythia simulation follows our previous work [21],637

generating heavy quark pairs by calculating the leading638

order pQCD gluon fusion contributions. We used pythia639

in forced cc̄ or bb̄ production mode with settings defined640

in [41] to match reference [21] and CTEQ5L as the input641

parton distribution function.642

The mc@nlo package (vers. 4.03) [40, 42] is a next-643

to-leading order simulation that generates hard scatter-644

ing events to be passed to Herwig (vers. 6.520) [43]645

for fragmentation into the vacuum. Since the package is646

a two-step procedure consisting of event generation and647

then fragmentation, care is taken to pass the color flow648

of each parton configuration from the generator to Her-649

wig. In addition, since flavor creation (i.e., qq → QQ650

and gg → QQ) processes at order α2
S can generate some651

of the higher order processes through parton showering,652

mc@nlo keeps track of this to ensure an accurate re-653

sult. While the default mc@nlo package generates bb̄654

events, it does not incorporate cc̄ events. Thus, we al-655

tered the default package to enable charm production656

[44]. As both mc@nlo and Herwig use the standard657

PDG process ID codes [37], we changed the process code658

from -1705 (H1H2 → bb̄+X) to -1704 (H1H2 → cc̄+X)659

and adjusted the heavy quark mass to the charm quark,660

1.29 GeV/c2. No other parameters were modified. In661

contrast to pythia , the running parameters of mc@nlo662

does not need to be fine-tuned for different analyses.663

CTEQ6M [45] was used to provide the input parton dis-664

tribution function.665

The electrons and positrons from all simulations are666

filtered through the PHENIX acceptance [25]. The667

e+e− pair acceptance depends on the production pro-668

cess, which determines the correlation between the elec-669

tron and positron. For pseudoscalar and vector meson670

decays, the e+e− pairs originate from an intermediate671

virtual photon that correlates the momenta of e+ and672

e−. For e+e− pairs from heavy flavor decays the correla-673

tion is governed by the interplay of two contributions: (i)674

the QCD production of the qq̄ pair, which determines the675

rapidity distribution of the pair, the rapidity gap between676

q and q̄ and the extent to which they are back-to-back677

in azimuthal angle; and (ii) the decay kinematics of the678

two independent semi-leptonic decays. The latter tends679

to randomize the correlation if the mass of the quark is680

large compared to its momentum. In the limit of very681

large quark masses the decays will occur at rest and the682

e+ and e− momenta will be determined exclusively by the683

independent decays. In contrast, for small quark masses684

High quality e± data from d+Au collisions in 2008

Can probe heavy flavor production as well as modification through cold (hot?)
nuclear matter effects
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Separating cc̄ from bb̄ through e+e− correlations
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Multiple ways to produce ee pairs

All contribute similar total pairs

But they populate different regions
 of mass,pt space
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Separating cc̄ from bb̄ through e+e− correlations 11

sitive to the correlations between the b and b̄. We have742

tested this conclusion by randomizing the correlation be-743

tween b and b̄ and found that the acceptance remains744

unchanged while there is a significant difference for cc̄.745

Since the acceptance of e+e− pairs from bb̄ is mostly746

driven by decay kinematics and not by the model depen-747

dent production mechanism, the fraction of e+e− pairs748

must also be less sensitive to any cold nuclear matter ef-749

fects that alter the b or b̄ after they are produced. For750

the lighter cc̄ quarks the sensitivity to the opening an-751

gle between the c and c̄ is much larger, implying larger752

model dependence and consequently cold nuclear matter753

effects may have a larger influence on the distribution of754

dielectrons from cc̄. The results obtained in this analysis755

seem also insensitive to nuclear modifications of the par-756

ton distribution function; when using EPS09 [46] for the757

mc@nlo or pythia calculation the acceptance factor for758

e+e− pairs from bb̄ and cc̄ production change by less than759

5%.760

The simulated e+e− pairs are folded with the exper-761

imental momentum resolution as well as with the en-762

ergy loss due to bremsstrahlung. As a result we obtain763

the double differential e+e− pair yield for the expected764

sources that can be directly compared to the measured765

yield. All components are absolutely normalized, except766

for the heavy flavor contributions, which are used to de-767

termine the bottom and charm cross section from the768

e+e− pair data, and the Drell-Yan contribution which is769

negligibly small and was fixed to be consistent with the770

data.771

C. e+e− pairs from heavy flavor decays772

In order to access the heavy flavor yield, we subtract773

the yield of the pseudoscalar and vector mesons as well774

as the Drell-Yan contribution from the measured dielec-775

tron spectra. The subtraction is done double differen-776

tially in mass and pT . The results are shown in Fig. 4777

as mass spectra in slices of transverse momentum. The778

data are plotted above 1 GeV/c2, as lower mass e+e− are779

dominated by hadronic decay contributions. In the mass780

regions where the inclusive e+e− yield is dominated by781

vector meson decays only upper limits can be quoted for782

the subtracted spectra. pT bins of 500 MeV/c are used783

up to pT =3 GeV/c. Above pT =3 GeV/c, statistical784

limitations dictate the use of broader pT bins.785

V. HEAVY FLAVOR CROSS SECTION786

DETERMINATION787

In Fig. 5 the projections of the e+e− yield from heavy788

flavor decays onto the mass and pT axes are compared to789

the pythia and mc@nlo calculations. The absolute nor-790

malization of each calculation was adjusted to the data791

as discussed below. The shape of the measured distribu-792

tions is well described by both simulations. Both projec-793

]2[GeV/c-e+em
1 2 3 4 5 6 7 8 910

-1210

-1010

-810

-610

(h)

<8.0 GeV/c
T

0.0<p

]2[GeV/c-e+em
1 2 3 4 5 6 7 8 910

-1210

-1010

-810

-610

(a)

<0.5 GeV/c
T

0.0<p

]2[GeV/c-e+em
1 2 3 4 5 6 7 8 910

-1210

-1010

-810

-610

(b)

<1.0 GeV/c
T

0.5<p

]2[GeV/c-e+em
1 2 3 4 5 6 7 8 910

-1210

-1010

-810

-610

(c)

<1.5 GeV/c
T

1.0<p

]2[GeV/c-e+em
1 2 3 4 5 6 7 8 10

-1210

-1010

-810

-610

(d)

<2.0 GeV/c
T

1.5<p

]2[GeV/c-e+em
1 2 3 4 5 6 7 8 910

-1210

-1010

-810

-610

(e)

<2.5 GeV/c
T

2.0<p

 = 200 GeVNNsd+Au, 

]2[GeV/c-e+em
1 2 3 4 5 6 7 8 910

-1210

-1010

-810

-610

(f)

<3.5 GeV/c
T

2.5<p

]2[GeV/c-e+em
1 2 3 4 5 6 7 8 910

-1210

-1010

-810

-610

(g)

<8.0 GeV/c
T

3.5<p

]
-1 )2

 [
(G

eV
/c

ee
 d

N
/d

m
ev

t
1/

N

FIG. 4: Double differential e+e− pair yield from semi-leptonic
decays of heavy flavor in inelastic d + Au collisions. Shown
are mass projections in slices of pT . The pT intervals are
indicated in each panel. Systematic uncertainties are shown
as bars, downward pointing arrows indicate upper limits at
90% CL.

tions illustrate the fact that bottom production is more794

important at high mass or pT .795

In the double differential spectra, the separation of796

e+e− pairs from charm and bottom decays becomes even797

more evident. This is illustrated in Fig. 6. At lower pair798

momenta, charm production dominates the yield below799

3 GeV/c2 mass. This dominance vanishes around pT = 2800

GeV/c and reverses at higher pT , where bottom produc-801

tion dominates. Note that this separation of bottom and802

charm in mass versus pT is predicted by both generators803

and is thus model independent.804

To separate bottom and charm yields quantitatively,805

we fit the distributions shown in Fig. 6 to the data shown806

in Fig. 4 with two free parameters, Ncc̄ and Nbb̄. These,807

in turn, are used to determine the charm and bottom808

cross sections.809

The fits are performed according to810

dnhfee
dmdpT

∣∣∣
PHENIX

= Ncc̄
dncc̄ee
dmdpT

+Nbb̄

dnbb̄ee
dmdpT

, (9)

where the left hand side is the measured yield per min-811

imum bias triggered event, as shown in Fig. 4. The ncc̄ee812

and nbb̄ee are determined either using the pythia sim-813

ulation or the mc@nlo simulation, where the simula-814

• Subtract in m, pT

– Vector mesons
– Pseudoscalar

mesons
– Drell-Yan

• We are left with open
heavy flavor decays

• This data is corrected
for detector efficiency,
but not for the PHENIX
acceptance of π in φ

and 0.35 in |η|
arxiv:1405.4004
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Separating cc̄ from bb̄ through e+e− correlations 12
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FIG. 5: Top panel compares the mass dependence of e+e−

pair yield with pythia and mc@nlo calculations. The bot-
tom panel shows the comparison for the pT dependence. The
grey panel shown in top panel is not used in the fitting and
is excluded in the pT projection.

tion output was normalized to one cc̄ or bb̄ pair in 4π.815

The nee include the branching ratios for both the quark816

and anti-quark to decay semi-leptonically. Furthermore,817

the simulated spectra require that the decay e+ and e−818

each have pT > 200 MeV/c and that both fall into the819

PHENIX acceptance and satisfy an explicit cut on the820

pair mT > 450 MeV/c. The fits are performed using821

mass above 1.16 GeV/c2, for both data and simulations.822

In this normalization scheme, the fit parameters Ncc̄ and823

Nbb̄ are equal to the average number cc̄ pairs and of bb̄824

pairs per inelastic d + Au event.825

The fit results are shown in Fig. 7 and Fig. 8 using the826

pythia and mc@nlo distributions, respectively. The827

resulting χ2 per degree of freedom (NDF) is 147/81 for828

pythia and 162/81 for mc@nlo . This χ2 is calculated829

using statistical uncertainty on the data points only. If830

we add the systematic uncertainties in quadrature with831

the systematic uncertainties, the χ2/NDF is 30/81 and832

34/81 for pythia and mc@nlo , respectively. These833

chi2/NDF represent extremes because the statistical un-834

certainty ignores the uncorrelated systematic uncertainty835

while including the total systematic uncertainty incor-836

rectly includes correlated uncertainties.837
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FIG. 6: Double differential e+e− pair yield from semi-leptonic
decays of heavy flavor as simulated by pythia and mc@nlo
. Shown are mass projections in slices of pT . The pT in-
tervals are indicated in each panel. Systematic uncertainties
are shown as bars, downward pointing arrows indicate upper
limits at 90% CL.

For the pythia simulation we obtain the fit parame-838

ters:839

Ncc̄ = 0.069± 0.006(stat)± 0.021(syst) (10)

Nbb̄ = 0.00061± 0.00011(stat)± 0.00019(syst)(11)

and for the mc@nlo840

Ncc̄ = 0.172± 0.017(stat)± 0.060(syst) (12)

Nbb̄ = 0.00060± 0.00014(stat)± 0.00020(syst)(13)

The quoted systematic uncertainties were determined by841

refitting the data points varied up, then down, by one842

σsystematic.843

Additional systematic uncertainties arise from the844

models themselves. In the mc@nlo calculation model845

uncertainties were evaluated by varying the renormaliza-846

tion scale by a factor of 2 up and down; the uncertainties847

are found to be 5% and 2.5% for charm and bottom re-848

spectively. These are quadratically small compared to849

those arising from the data uncertainties. For pythia no850

separate evaluation of scale-dependence was done.851

A second type of model-dependence in the cross sec-852

tion arises from the dependence of the pair acceptance on853

the quark-antiquark correlation from the QCD produc-854

tion process, as discussed above. By comparing results855

• Fit in m, pT with

– MCNLO
– Pythia

• We have the following
general trends

– charm dominates at

* low pT ,low m
– bottom dominates at

* low pT ,high m
* high pT ,low m
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Separating cc̄ from bb̄ through e+e− correlations

Model dependence explained...

If mq >> p, the e+e− decay pair
randomizes the correlation of qq̄ pair.

For a very heavy quark, the decay electron
has no directional preference.

≈ 1 out of 80 pairs will fall into the phenix acceptance.

the number of e+e− pairs from bb̄ differ only by 30%

For cc̄, the deviation is by more than a factor of 5.

implies a large model dependence for cc̄ and small from bb̄, as evident from the previous
tables.

consequently extrapolated cross-sections for cc̄ will be different from PYTHIA and
MC@NLO , but very similar for bb̄.

Deepali Sharma (Stony Brook University) Hard Probes 2013@Stellenbosch 5th November, 2013 9 / 19

For mq >> p, the e± decay randomizes the opening angle

Otherwise, the opening angle between electrons depends on the opening
angle between the quark-antiquark pair

We thus expect more model dependence for extracted charm quark cross
section than for bottom

PHENIX Heavy Flavor : 2014-05-19 Alan Dion 13



Separating cc̄ from bb̄ through e+e− correlations
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Figure 9: Mass distributions of e+e− pairs from bb̄ in the PHENIX acceptance normalized
per event. Histograms represent pairs from our random model, points represent pairs from
mc@nlo . The different decay chains are color coded as defined in the figure. The normaliza-
tion of the mc@nlo points is taken from the fit to data [1], for this figure the random model
was normalized to the same cross section.
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Figure 9: Mass distributions of e+e− pairs from bb̄ in the PHENIX acceptance normalized
per event. Histograms represent pairs from our random model, points represent pairs from
mc@nlo . The different decay chains are color coded as defined in the figure. The normaliza-
tion of the mc@nlo points is taken from the fit to data [1], for this figure the random model
was normalized to the same cross section.

9

At high pT , decays from a single
open B meson completely domi-
nate the mass spectrum

The above plot is from MCNLO,
but the above statement is model-
independent
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Separating cc̄ from bb̄ through e+e− correlations
Results of fitting the simulations to the data
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PYTHIA and MCNLO describe the data equally well
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Separating cc̄ from bb̄ through e+e− correlationsExtracted heavy flavor cross-section from MC@NLO
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Preliminary p + p equivalent extrapolated heavy flavor cross-sections using the
MC@NLO simulations are :

σpp
cc = 704 ± 47 (stat) ± 183 (syst) ± 40 (model) µb.

σpp
bb = 4.29 ± 0.39 (stat) ± 1.08 (syst) ± 0.11 (model) µb.

Results are consistent to the previously published PHENIX measurements of heavy flavor
cross-section from singles and dielectrons in p + p (assuming small CNM effects on
dielectrons).

Final cross-section from the fits shown in the earlier slide to be published soon.

Similar analysis in p + p is underway.
Deepali Sharma (Stony Brook University) Hard Probes 2013@Stellenbosch 5th November, 2013 12 / 19

p+ p equivalent cross sections extracted as

• using MCNLO : σcc = 958±96(stat)±335(sys)µb

• using PYTHIA : σcc = 385±34(stat)±119(sys)µb
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Separating cc̄ from bb̄ through e+e− correlations

p+ p equivalent cross sections extracted from PYTHIA and MCNLO as

• σbb = 3.4±0.28(stat)±0.46(sys)µb

The difference between MCNLO and PYTHIA extracted bottom cross sec-
tions are less than 2%

PHENIX Heavy Flavor : 2014-05-19 Alan Dion 17



Separating cc̄ from bb̄ through e+e− correlations

Dilepton correlations are a powerful probe of heavy flavor production

The low mass, high pT region is dominated by the decay from a single open
heavy flavor B meson

This analysis is currently being carried out for p+ p data as well → compare
to extract cold nuclear matter effects...or are they hot effects?

What about heavy ions at RHIC/LHC? Di-muons are just as suitable as elec-
trons at high momentum for this measurement

PHENIX Heavy Flavor : 2014-05-19 Alan Dion 18



electron-muon correlations in d+Au



electron-muon correlation in d+Au
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electron-muon correlation in d+Au
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Like-sign subtracted e − µ correla-
tions should be predominantly from
cc̄ decays

e± : pT > 0.5 GeV/c, |η| < 0.35

µ± : pT > 1 GeV/c, 1.4< η< 2.1

pQCD-based models agree within systematics to the p+ p data

Combining the models :
σcc = 538±46(stat)±197(data sys)±174(model sys)µb

paper can be found at Phys. Rev. C 89, 034915 (2014)
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electron-muon correlation in d+Au
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Suppression of e−µ correlations in d+Au collisions

This indicates that the cc̄ is correlation is itself modified by nuclear effects

Is the suppression from shadowing, or gluon saturation?

Phys. Rev. C 89, 034915 (2014)
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electron-muon correlation in d+Au

c

c

pressure?

More provocatively, could hydrodynamical pressure modify the cc̄ opening
angle in a medium created in d+Au collisions?
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VTX analysis

We are pushing the Run11 VTX analysis to publication very soon. We do not
show a snapshot of the analysis here.
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VTX analysis

We are pushing the Run11 VTX analysis to publication very soon. We do not
show a snapshot of the analysis here.

For low pT electrons, the parent hadron momentum spectrum is needed to
precisely distinguish charm decays from bottom decays

One interesting approach to take into account the lack of direct knowledge
of the parent charm and bottom hadron spectra is to use Bayesian unfolding.
See the poster by Andrew Adare.

Run 14 is ongoing now, and this will be the golden dataset for the VTX and
FVTX!
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Summary

• Charm modification in Au+Au looks very different at 62 GeV and 200 GeV

• Bottom cross section measured precisely via e+ e− m,pT spectrum

• electron-muon correlation shows away-side suppression in d+Au

• Run 14 is going well for VTX/FVTX silicon detectors
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FIG. 2: (Color online) Figure shows for different centralities the shape of the raw HBD charge distribution (in black dashed
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tion.266

The single electrons in the simulation (and for electrons267

from pairs with very large opening angles) have an HBD268

efficiency of 75%. Within the simulation, we can exam-269

ine which electron pairs are removed by the hbdq cut.270

This rejects 65% of electrons that come from pairs that271

have a decay opening angle less than 0.05 radians while272

the rejection decreases until the opening angles reaches273

0.1 radian. For each meson source in the cocktail, the274

efficiency is separately mapped as a function of pT and275

is used to correct the data.276

We embed the simulated HBD single track response277

into real events to evaluate the centrality dependence of278

the HBD efficiency. For single electrons, the simulated279

hbdq distribution is approximately Gaussian with a peak280

near 20. This broadens and shifts to a slightly higher281

average when embedded into a Au+Au event. The em-282

bedding efficiency for the fixed cut of 10 < hbdq < 35283

plots is calculated as a function of centrality and pT .284

To understand the dependence of the efficiency on these285

two variables, we integrate over each in turn. The right-286

panel of Figure 5 shows the pT dependence integrated287

over centrality, which is approximately 75% efficient in-288

dependent of pT . This lack of pT dependence is also289

observed in other centrality classes, but as seen in the290

left-panel of Figure 5 the average efficiency does decrease291

for more central collisions; for central Au+Au events the292

efficiency has decreased to 65%. As discussed earlier this293

is because of increased fluctuation of the underlying event294

background, mostly because of scintillation in the CF4295

gas.296

The acceptance and efficiency corrections are used to297

correct the raw yields to produce the invariant yield of298

the electron candidates measured in Au + Au collisions at299 √
s

NN
= 62.4GeV for different centrality bins as shown300

in Fig. 6. In subsection IIID we will use a cocktail to301

statistically subtract the remaining background.302

C. Azimuthal anisotropy measurement of303

candidate electrons304

For candidate electrons comprising photonic and elec-305

trons from heavy flavor decay, we also measure the az-306

imuthal anisotropy v2 which is the second Fourier coeffi-307

cient of the azimuthal distribution of the candidate elec-308

tron yield with respect to the participant reaction plane309

(Eq. 1)310

dN

dφ
= N0(1 + 2v2 cos 2(φ − ΦRP )) (1)

where φ is the azimuthal angle of the electron track,311

ΦRP is the azimuthal angle of the participant reaction312

plane, and N0 is a normalization constant.313

The participant reaction plane is the plane formed by314

the transverse principal axis of the participants and the315

HBD in 62 GeV Run10
65% of pairs with opening angle <0.05 rejected at 75% signal efficiency
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(black dots) and electrons calculated from different photonic
sources (solid lines) in Au + Au collisions at

√
sNN = 62.4

GeV for minimum bias events.

35 p.e. to 30 or 40 p.e. These changes contribute a sys-436

tematic uncertainty of 10 % for pT
e < 1.5GeV/c and a437

systematic uncertainty of 5 % for 1.5 < pT
e < 6GeV/c.438
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FIG. 12: (Color online) Ratio of the heavy flavor electrons (signal) to photonic electrons (background) in Au + Au collisions
at

√
sNN = 62.4 GeV for minimum bias events and the three centrality classes used in this analysis.

0-20 %, 20-40 %, 40-60 % centrality bins and minimum497

bias data in Au + Au collisions at
√

s
NN

= 62.4GeV.498

The invariant cross section of heavy flavor electrons in499

p + p collisions at
√

s
NN

= 62.2GeV is derived from500

the highest statistics heavy-flavor electron measurement501

[41] that was performed at the ISR. These results are502

scaled by the inelastic cross-section at
√

s
NN

= 62.2GeV,503

σpp = 35.9 ± 0.5mb [44], and plotted on the 5th panel504

of Fig. 14. The FONLL prediction [45] (red curve) is505

also shown in each panel. In Au + Au collisions at506 √
s

NN
= 62.4GeV, the yield of heavy flavor electrons507

per binary collision is higher than the ISR results in p508

+ p collisions, while the ISR p + p results are consistent509

with the upper limit of the FONLL prediction.510

To further study the modification of the yield511

of heavy flavor electrons in Au + Au collisions at512 √
s

NN
= 62.4GeV, the invariant yield per binary colli-513

sion Ncoll of heavy flavor electrons is integrated across514

three pT bins as shown in Fig. 15. At Ncoll = 1515

the p+p points come from the three published ISR516

measurements[41–43].517

At low pT (1.5 < pT < 2.5GeV/c), an enhancement518

of the heavy flavor electron yield is observed in the 0-20 %519

and 20-40 % centrality bins relative to the yield in p + p520

collisions, while the more peripheral 40-60 % centrality521

bin is consistent with the p+p yield, within uncertainties.522

In the higher pT ranges, 2.5 < pT < 3.5GeV/c and523

3 < pT < 5GeV/c, enhancement is observed relative to524

p + p in all centrality bins. A scenario with only heavy525

quark energy loss in a deconfined medium would show a526

pattern of increasing suppression with collision centrality,527

contrary to what is observed here. This suggests that528

other mechanisms are present.529

We also calculate RAA, the ratio of the yield per bi-530

nary collisions in Au+Au reactions divided by the yield531

in p+p collisions. RAA vs pT is shown in Fig. 16 for 3532

different centrality classes and minimum bias. The yield533

in p+p collisions is the combined fit to the three ISR data534

sets[41–43] and the uncertainty in the p+p yield is the un-535

certainty of the fit. RAA is consistently larger than one536

with the exception of low pT data in peripheral collisions.537

These RAA values for electrons from heavy-flavor decay538

in Au+Au collisions at 62.4 GeV are compared to other539

RAA results from d+Au, Cu+Cu, and Au+Au collisions540

at
√

s
NN

= 200GeV (data from [10, 22]) as shown in the541

panels in Fig. 17. At 200 GeV the heavy-flavor RAA first542

increases with centrality then decreases, consistent with543

a competition between two mechanisms. At 62 GeV the544

After HBD cut, a large proportion of
electrons are from heavy flavor
decays
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